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Failure Mechanisms in GaN HEMTs

G. Meneghesso, et al., IEEE Trans on Device and Materials Reliability, Vol. 8, 2, 2008

Influenced by stress
• carrier mobility

• polarization and 2DEG

• trap energy levels

• Schottky barrier height

• bandgap

• generation of traps
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Stress in GaN HEMT Devices
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Piezoresistance

σ

ΔR/R
 π 

ε

ΔR/R
GF

Piezoresistance coefficient (π):

Gauge factor (GF):

Stressσ 

Strainε 

• Piezoresistance: Change in electrical resistance with mechanical stress

• Stress alters semiconductor band structure impacting reliability and 

failure mechanisms of GaN HEMT devices

• Measure piezoresistance of GaN HEMT channel:

– hot-carrier injection/trapping

– impact ionization

• Experiment on two GaN HEMT samples from different manufacturers
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Experimental Setup

GaN HEMT wafer

under stress
Epoxy

High carbon

steel strip

Probe tip Conductive

epoxy

Gold wire

• GaN HEMT wafer samples too small to directly 

bend in 4-point bending setup

• Device is wirebonded and connected to probe 

tip to take electrical measurements while 

simultaneously applying stress 

• Measure total device resistance (RTOT) = RCH + 

RS + RD (extracted by 4-point measurement)

Steel rods
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4-Point Wafer Bending Experiments
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Stress Calibration

Strain Gauge
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• Strain gauge measures strain on top surface of GaN HEMT wafer

• Bending does not permanently deform metal plate

• Strain gauge calibrated:

– optical curvature 

– force sensor measurements

– 4-point bending equation



A 21st Century Approach to Reliability

Wide Range of Published GaN HEMT GFs

Reference GF ΔR/R ε (%) σ (MPa) Method of Stressing

[1] -4 0.14% .03 95 3-point bending

[2] -42 0.2% .005 15 3-point bending

[3] -75 3.5% .04 126 3-point bending

[4] -90 15% 0.167 525 Cantilever

[5] -350 5% .0143 45 Lever-Mass

[6] -1,259 1.7% 1.35x10-4 0.42 Cantilever

[7] -38,889 15% 3.85x10-4 1.2 Circular Membrane

Largest change in resistance measured is ~15%

Could result from charge trapping effects?

[1] R. Gaska, et al, APLvol. 72, pp. 64-66, 1998. 

[2] M. Eickhoff, et al, JAP,  vol. 90, 3383-3386, 2001. 

[3] C. T. Chang, et al, IEEE Electron Device Letters, vol. 30, 

pp. 213-2152009. 

[4] T. Zimmermann, et al, IEE Electron Device Letters, vol. 27,

pp. 309-312, 2006. 

[5] O. Yilmazoglu, K. et al, EICE Trans Electron, vol. E89-C, 

pp. 1037-1041, 2006 

[6] B. S. Kang, et al,  APL, vol. 83, 4845-4847, 2003.  

[7] B. S. Kang, et al, APL, vol. 85, pp. 2962-2964, 2004.
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Charge Traps in GaN HEMTs

GaN AlGaN2DEG

Surface statesBulk traps

AlGaN 

barrierBulk

GaN
between

source and drain

under 

gate

Cause

• growth-as fabricated

traps

• post-growth process as 

fabricated traps

• hot-carrier injection 

generated traps

• inverse piezoelectric 

strain generated traps

Effect

• current collapse

• gate-lag

• drain-lag

• ΔVT

• increased IG
• light sensitivity

• breakdown

Significance of trapping effects depend on processing conditions
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Effect of Light on Device Resistance

Sample A Sample B (AFRL)
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• Microscope light detraps trapped charge decreasing RTOT

• Sample B (AFRL) is less sensitive to light (fewer traps)

Microscope Light ON Microscope Light ON
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Experimental Setup – UV Illumination

Polystyrene heat shield

Band-pass filter

UV source

Elimination of charge trapping effectsElectrical measurements under stress

GaN HEMT wafer

under stress
Epoxy

High carbon

steel strip

Probe tip Conductive

epoxy

Gold wire

Steel rods
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Photogeneration

• Near bandgap photons will photoionize trapped charge

• Photons with energy > EG(GaN) photogenerate e-h pairs
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Effect of UV Light on ID-VG

• Photoionization of trapped charge shifts VT

• Photogenerated e-h pairs increases offstate ID
• AFRL sample is less sensitive to light (fewer traps)

Sample A Sample B (AFRL)
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No photogeneration

(CWL=380nm, 

FWHM=10 nm)

Band Pass Filter

• Near bandgap photons still photoionize trapped charge

• No photons with energy > EG(GaN) to photogenerate e-h pairs
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Effect of Filtered UV Light on ID-VG

Sample A Sample B (AFRL)

• BP filter eliminates photons > EG(GaN) and does not increase offstate ID
• Only parallel shift in VT is observed from charge detrapping

• AFRL sample has less sensitivity to light (fewer traps)
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Light Sensitivity

• Sample B (AFRL) is less sensitive (fewer traps)

• Filtered UV used to stabilize RTOT measurements to obtain piezoresistance
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Infrared Heating From UV Source
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• Thermocouple placed near sample

• Infrared heating from source prevents stable resistance measurements 

No heat shield 
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Device Resistance Stabilized

• With polystyrene shield, < 0.025% stability in measured RTOT is achieved

• Piezoresistance can be measured

With heat shield 
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Measured Piezoresistance
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GaN HEMT: ~1 %/GPa

Si nMOS: ~31 %/GPa

Sample A
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GaN HEMT Piezoresistance

Reference GF ΔR/R ε (%) σ (MPa) Method of Stressing

This work -2.6 0.3% 0.114 360 4-point bending

[1] -4 0.14% .03 95 3-point bending

[2] -42 0.2% .005 15 3-point bending

[3] -75 3.5% .04 126 3-point bending

[4] -90 15% 0.167 525 Cantilever

[5] -350 5% .0143 45 Lever-Mass

[6] -1,259 1.7% 1.35x10-4 0.42 Cantilever

[7] -38,889 15% 3.85x10-4 1.2 Circular Membrane

[1] R. Gaska, et al, APLvol. 72, pp. 64-66, 1998. 

[2] M. Eickhoff, et al, JAP,  vol. 90, 3383-3386, 2001. 

[3] C. T. Chang, et al, IEEE Electron Device Letters, vol. 30, 

pp. 213-2152009. 

[4] T. Zimmermann, et al, IEE Electron Device Letters, vol. 27,

pp. 309-312, 2006. 

[5] O. Yilmazoglu, K. et al, EICE Trans Electron, vol. E89-C, 

pp. 1037-1041, 2006 

[6] B. S. Kang, et al,  APL, vol. 83, 4845-4847, 2003.  

[7] B. S. Kang, et al, APL, vol. 85, pp. 2962-2964, 2004.
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Determination of Band Parameters
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Extraction of Deformation Potentials
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[APL, vol. 89, pp. 073509, 2006]

Ge
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te
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a

-1

[JAP, vol. 102, pp. 104507, 2007]

(eV) Si

Ξd 1.0±0.1c, 1.1b, 1.2b, 1.13b, 5b, 

Ξu 9.6±1.0c, 10.5b, 8.86b, 9.2b, 7.3b, 9.29b, 

a 2.1b, 2.46b, 2.06b, 

b -2.33b, -1.5b, -2.1b, -2.2b, -2.12b, -2.35b, -2.58b, -2.27b

d -4.75b, -3.4b, -4.85b, -5.3b, -3.69b

(eV) Ge

Ξd -4.3±0.3a, -4.43b, -12.3~-10.5b, -6.6b,  

Ξu 16.5±0.5a, 16.8b, 11.07b, 15.13b, 16.2b, 15.9~19.3b, 

a 2.0b, 1.24b, 2.09b, -12.7b, 1.39b

b -2.16b, -2.1b, -2.2b, -2.08b, -2.5b, -2.55b, 2.86b, -3.11b

d -6.06b, -3.5b, -4.4b, -3.7b, -4.5b, -5.3b, -4.65b, -7.0b

a [JAP, vol. 102, pp. 104507, 2007]
b [JAP, vol. 80, pp. 2234, 1996]
c [APL, vol. 89, pp. 073509, 2006]
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Factors that Need to be Considered

AlGaN

GaN

Gate DrainSource

2DEG channel

Stress can affect GaN HEMT channel resistance through:

• 2DEG density caused by polarization

• Electron mobility

1

sn



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Wafer Bending (4-Point Bending)

28


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

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



 

3

2

2
2

aL
a

ytE ax

Stress on upper surface at the center of the substrate:

E = Young’s modulus 
t = sample thickness
y = vertical displacement
a, L = rod spacing

L

a
t=150 μm

y

Sample

Tension

Compression

Neutral Axis

AlGaN

GaN

Gate DrainSource

18 nm
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Stress Induced Polarization Change
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GaN

, , ,( ) ( ) ( ) ( ) ( )total SP PE lattice PE mech SP PE mechP P AlGaN P AlGaN P AlGaN P GaN P GaN    

Additional strain 

from mechanical 

stress

Piezoelectric 

Constant 

PPE, mechanical

Build in PSP + PPE,lattice

AlGaN

Additional strain 

from mechanical 

stress

Piezoelectric 

Constant 

PPE, mechanical

Build in PSP

2DEG Density Calculation Procedure

2DEG Density:  0

2

( )
( ) ( ) ( ) ( )total

s b F C

P x
n x e x E x E x

e de

 


 
    

 

[Ref:JAP, vol.85, pp.3222]
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e13 e33 e15 Ref.

-0.34 -0.34 0.67 Phys. Rev. B vol.64, pp.45208

-0.22 -0.22 0.44 J. Appl. Phys. Vol.81, pp.6332

-0.33 -0.33 0.65 J. Appl. Phys. Vol.81, pp.6332

GaN piezoelectric coefficients

e13 e33 e15 Ref.

-0.48 -0.58 1.55
IEEE Trans. Sonics Ultrason. 

SU-32.634

AlN piezoelectric coefficients

Effective mass calculation error depends on:

• Piezoelectric coefficients

• Stiffness constants

• Tight-binding model and parameters (not considered)

sp3d5 is a very accurate model (Ref. JJAP, vol.34, pp.5912)

Simulation Uncertainty
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Simulation Uncertainty

C11 C12 C13 C33 C44 C66 Ref.

37.3 14.1 8.0 38.7 9.4 11.8 J. Appl. Phys. 85,8502

39.0 14.5 10.6 39.8 10.5 12.3 J. Appl. Phys. 79,3343

36.5 13.5 11.4 38.1 10.9 11.5 J. Phys. Condens. Matter 

9,24 1

37.3 14.1 8.0 38.7 9.4 11.8 J. Appl. Phys. 85,8502

37.0 14.5 10.6 39.8 10.5 12.3 Appl. Phys. Lett. 72,2400

C11 C12 C13 C33 C44 C66 Ref.

41 14 10 39 12 11.8 Appl. Phys. Lett. 72,2400

34.5 12.5 12.0 39.5 11.8 8.3
EEE Trans. Sonics 

Ultrason. SU-32,634

41.05 14.85 9.89 38.85 12.46 12.3
J. Am. Ceram. SOC. 76, 

1132

AlN stiffness constants

GaN stiffness constants
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0

s b F C2

ε ε(x)(x)
n (x) eφ (x) E (x) ΔE (x)

e de

Assumed independent of stress:

• φb since ΔPint is small

• ΔEC since only 26% Al in AlGaN

• ε and EF since no change in Si and 

no papers reporting change for GaN

• Small changes observed in ns (0.28%/GPa) since external stress creates 
offsetting piezoelectric polarizations

Strain-Varied 2DEG Density

ns
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Mobility Relevant Factors

Mobility

Effective mass

Scattering rate

Carrier repopulation

Band warping

Sub-band splitting

Change of DOS
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electron repopulation
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Mobility relevant parameters:

• Effective mass change caused by 

conduction band warping

– Indirect bandgap with band minima 
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– Six equivalent conduction valleys

– Direct bandgap with band minimum 
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Band Structure: GaN vs. Si

6

4

2

0

-2

-4

AM



A 21st Century Approach to Reliability
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|1>
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|3> |4>

|3>

|4>

1
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2

4

Tight-binding Model

Ga

N

sp3d5 model:
• s and p orbital for N atom (total 4 

orbitals)

• s, p and d orbital for Ga atom (total 9 

orbitals)

Resulting 26×26 H matrix

[Ref. JJAP, vol.34, pp.5912]
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• Hexagonal shape retained, only bond 

length changes, no change in bond angle

• Reciprocal lattice remains the same

3c/8

a

c/2
3c’/8

a

’

c’/2

Biaxial Stress

a  a’=a(1+εxx)    

c  c’=c(1+εzz)

Under Biaxial Stress

[Ref. Phys. Rev., vol.57, pp.2382]
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Under Uniaxial Stress



Uniaxial Stress

ax=a(1+εxx)    

ay=a(1+εyy) 

c’=c(1+εzz)

• Both bond length and bond angle change

• Reciprocal lattice also changes

x

y

z

First theoretical study on the effect of uniaxial stress on GaN HEMT
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E(s,N) -12.675 h(1)
ss -1.218 h(2)

sas 0000

E(p,N) 1.519 h(1)
sap -1.977 h(2)

sap 0.011

E(s,Ga) -2.090 h(1)
scp 1.626 h(2)

pap -0.110

E(p,Ga) 7.838 h(1)
pp 2.472 h(2)

papp 0.000

E(d,Ga) -19.550 h(1)
ppp -0.648 h(2)

scs -0.100

h(1)
sad -0.400 h(1)

scp 0.718

h(1)
pad 0.278 h(2)

pcp 0.332

h(1)
padp 0.298 h(2)

pcpp -0.330

Tight-binding parameters. Onsite matrix E (eV) and coefficients 
22 Vmdh

[Ref. JJAP, vol.34, pp.5912]

Tight-binding Parameters
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Transverse Effective Mass Change
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Out-of-Plane Effective Mass Change
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[Ref. Phys. Rev., vol.57, pp.2382]
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Outline

• Motivation and review from last meeting

• Charge trapping effects

• Piezoresistance measurements

• Simulation of strain effects on 2DEG resistivity

• Summary

• Future plans and goals
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Simulation vs. Experiment

μe

nS

RTOT

-400 -300 -200 -100 0 100 200 300 400

-0.4

-0.2

0.0

0.2

0.4

 

 

C
h

a
n

g
e

 (
%

)

Stress (MPa)



A 21st Century Approach to Reliability

Best Fit Parameters

C11 C12 C13 C33 C44 C66 Ref.

GaN 37.3 14.1 8.0 38.7 9.4 11.8 J. Appl. Phys. 85,8502

AlN 41 14 10 39 12 11.8 Appl. Phys. Lett. 72,2400

e13 e33 e15 Ref.

GaN -0.22 -0.22 0.44
J. Appl. Phys. Vol.81, 

pp.6332

AlN -0.48 -0.58 1.55
IEEE Trans. Sonics 

Ultrason. SU-32.634

Stiffness Constants

Piezoelectric Coefficients

Feed-forward into reliability simulator
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Future plans and goals

• Continue investigation of GaN HEMT failure 

mechanisms influenced by stress

• Focus includes stress dependence of gate 

current

• Trap energy level

• Schottky barrier height

• Out-of-plane effective mass

• Calibrate simulations to select ‘best-fit’ 

parameters

• Feed-forward into reliability simulator
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Failure Mechanisms in GaN HEMTs

G. Meneghesso, et al., IEEE Trans on Device and Materials Reliability, Vol. 8, 2, 2008

Influenced by stress
• carrier mobility

• polarization and 2DEG

• trap energy levels

• Schottky barrier height

• bandgap

• generation of traps
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